Introduction
Protein transport via the endosome toward the lysosome depends on multiple fission and fusion events. Endocytic vesicles fuse with the early endosome, which then undergoes multiple membrane remodeling, fission and fusion processes to generate intraluminal vesicles and allow for the recycling of receptors. 1 As a consequence, late endosomes are formed, which finally fuse with the lysosome/vacuole. 2 Fusion of membranes follows a coordinated order of membrane recognition and tethering and subsequent bilayer mixing. Among the many diverse factors implicated in fusion along the endomembrane system, Rab GTPases, tethering factors and SNAREs seem to be the conserved machinery that is found in all cases. 3, 4 Rabs function as molecular switches, which require a guanine nucleotide exchange factor (GEF) for their activation to the GTP-form. They can then interact with effectors such as tethering factors or lipid kinases, and are turned over to the GDP-form after interaction with their specific GTPase activating protein (GAP). 5, 6 Within the endocytic pathway, Rab5 resides on early endosomes and is replaced by Rab7 on late endosomes. 2, 7 Activation of Rab5 occurs via Vps9-domain containing proteins such as Rabex-5, 8, 9 whereas the Mon1-Ccz1 complex generates Rab7-GTP. 10, 11 Two homologous heterohexameric tethering complexes have been identified as specific effectors of both Rabs. The CORVET complex binds to the Rab5-like Vps21, whereas the HOPS complex is an effector of activated Rab7/Ypt7 in yeast. [12] [13] [14] [15] [16] Both complexes share four central subunits, Vps11, 16, 18 and the SNARE-binding Vps33 subunit. The recent overall structure of the HOPS complex showed that the two Rab-specific subunits Vps41 and Vps39 reside at opposite ends of a seahorse-like particle of some 30 nm 3 . In analogy, it is likely that the Vps41-homolog Vps8 and the Vps39-like Vps3 subunit are positioned similarly in CORVET. Indeed, both complexes can tether Vps21 and Ypt7-decorated membranes in vitro. [17] [18] [19] It is surprising that both tethering complexes use two different subunits to interact with the same Rab GTPase. 3, 19, 20 Within HOPS, Vps41 is known to also bind the AP-3 δ-subunit Apl5, 21, 22 presumably as a prerequisite of fusion of AP-3 vesicles with vacuoles. 23, 24 For Vps39, additional binding partners outside HOPS beyond Ypt7 have not been identified. To begin to understand the asymmetry within HOPS, we decided to follow the dynamic localization of Vps41 and Vps39 within cells by employing an adapted protocol of a rapamycin-induced heterodimerization. 25, 26 Our data reveal that Vps39 interacts more closely with vacuoles than the more mobile subunit Vps41. However, if both subunits endosomal and vacuole fusion depends on the two homologous tethering complexes cORVeT and hOPs. hOPs binds the activated Rab GTPase Ypt7 via two distinct subunits, Vps39 and Vps41. To understand the participation and possible polarity of Vps41 and Vps39 during tethering, we used an in vivo approach. For this, we established the ligandinduced relocalization to the plasma membrane, using the Mon1-ccz1 GeF complex that activates Ypt7 on endosomes. We then employed slight overexpression to compare the mobility of the hOPs-specific Vps41 and Vps39 subunits during this process. Our data indicate an asymmetry in the Rab-specific interaction of the two hOPs subunits: Vps39 is more tightly bound to the vacuole, and relocalizes the entire vacuole to the plasma membrane, whereas Vps41 behaved like the more mobile subunit. This is due to their specific Rab binding, as the mobility of both subunits was similar in ypt7Δ cells. In contrast, both hOPs subunits were far less mobile if tagged endogenously, suggesting that the entire hOPs complex is tightly bound to the vacuole in vivo. similar results were obtained for the endosomal association of cORVeT, when we followed its Rab-specific subunit Vps8. Our data provide in vivo evidence for distinct Rab specificity within hOPs, which may explain its function during tethering, and indicate that these tethering complexes are less mobile within the cell than previously anticipated.
are integrated into the HOPS complex, the entire complex is found primarily on vacuoles and is less mobile. Our data suggest that HOPS is primarily localized to vacuoles via Vps39, where it interacts with incoming membranes.
Results
Recent studies used the ligand-induced heterodimerization as an approach to achieve acute inactivation or relocalization of proteins. [25] [26] [27] [28] We decided to establish this method to follow the dynamics of Rab interacting proteins at endosome and vacuole.
For the relocalization assay we used a rapamycin-insensitive yeast strain, which expressed a FK506 binding protein of 12 kD (FKBP12) fused to the plasma membrane ATPase Pma1.
25
Pma1 is rather abundant 29 and localizes in distinct domains at the plasma membrane. 30 Thus, proteins tagged with the small FKBP12-rapamycin binding domain of the human Tor1 (FRB) should localize to the plasma membrane upon addition of rapamycin (Fig. 1A) . As a first test, we fused a dual FRB-GFP tag to the abundant cytosolic phosphofructokinase 1 (Pfk1) and monitored cells over time (Fig. 1B) . To be able to correlate the appearance of Pfk1 at the plasma membrane with the loss of the cytosolic signal, we followed immobilized cells on a heated slide over time. Pfk1-FRB-GFP was initially entirely cytosolic, but shifted to the plasma membrane upon addition of 10 µM rapamycin. We observed a clear signal in the cell periphery already after 15 min, which increased further in the next 50 min and led to a depletion of the cytosolic GFP-signal (Fig. 1B) .
Dynamic relocalization of Mon1-Ccz1 affects Ypt7 activation
We then used this assay to analyze the dynamics of Rabspecific complexes at endosomes and vacuole. We focused on the Mon1-Ccz1 GEF complex, which activates Ypt7 at the late endosome and vacuole. 10 Mon1, fused to the dual FRB-GFP tag, was initially localized to endosomal dots proximal to the vacuole, which colocalized with mCherry-tagged Ccz1 (Fig. 1C, top) . Upon overnight incubation in 10 µM rapamycin, both proteins relocalized to the plasma membrane and resulted in partial vacuole fragmentation after this long time period (Fig. 1C) . Loss of endosomal localization could be observed already at 2 min after rapamycin addition, indicating that Mon1-Ccz1 is dynamically associated with the endosome (Fig. 1D) , and that a peripheral membrane protein complex of the endocytic pathway can be relocalized via the ligand-induced heterodimerization.
To obtain insights into the functional consequences of Mon1-Ccz1 relocalization, we followed GFP-tagged Ypt7 in strains expressing Mon1-FRB. Upon rapamycin addition, Ypt7 partially Ypt7 is present on multivesicular bodies (MVBs) and vacuoles and binds to hOPs via Vps41 and Vps39. hOPs is shown as a structural model based on the electron microscopy structure.
3 (B) expression levels of Vps41 and Vps39 in wild-type and overexpression condition was analyzed by loading similar amounts of cell lysate onto sDs-PaGe gels. Proteins were detected after western blotting using anti-GFP to detect Vps41 and Vps39, and anti-Tom40 antibody as loading control. (C-E) Dynamic relocalization of the two Rab-specific hOPs subunits Vps41 and Vps39. The indicated subunits were placed under the control of the TEF1 promoter and tagged with FRB-GFP and analyzed as in Figure 1 . In (C), FM4-64 staining was done in Vps41-FRB-GFP expressing cells to analyze vacuole morphology during the time course. In (D), 10 µg/ml of the translation inhibitor cyclohexamide was added before rapamycin addition. The same result was obtained with 50 µg/ml cyclohexamide (not shown). (E) Vps39-FRB-GFP was analyzed, and vacuolar contacts to the plasma membrane are indicated by arrows. The bottom panel shows vacuolar straining as in (C). In (F), Vps11 was tagged with mcherry in the strain carrying Vps39-FRB-GFP, and analysis was done as in (E). size bar is 5 µm.
shifted to the nuclear ER (Fig. 1E , white arrows), confirmed by colocalization with the ER-residing marker Sec63 (Fig. 1F) . Indeed, we recently showed that inactivation of GEFs results in the relocalization of Rabs to the ER. 31 Thus, we demonstrate that the relocalized Mon1-Ccz1 was not sufficient to recruit the Rab7 homolog Ypt7 to the plasma membrane, suggesting the need of additional or other recruitment factors for the Rab GTPase in yeast. As a consequence, downstream processes, as the efficient activation of Ypt7, are disturbed.
The HOPS-specific Vps39 and Vps41 show differences in their localization behavior
Having established the basic conditions for relocalization of the endosomal GEF complex, we turned to HOPS as a Ypt7 effector complex. As learned from Mon1-Ccz1, we expected that we could follow the dynamics of HOPS subunits, though would not expect defects in vacuole morphology during the periods of our observation. HOPS and its sibling CORVET differ only in their Rab-specific subunits, which in the case of HOPS may support the correct orientation between membranes, with Vps39 being positioned on the vacuole and Vps41 available for incoming cargo from the multivesicular body (MVB) ( Fig. 2A) . 3, 20 Each tethering complex requires the Rab for its membrane localization. 3, 32 We thus wondered if we could get further insights on the subunit level by tracing the redistribution of the Rab-specific HOPS subunits Vps41 and Vps39 in our in vivo assay.
To monitor the distribution of both Vps41 and Vps39 over a longer period of time in the same cells, we increased the expression levels of the FRB-GFP-tagged subunit using the TEF promoter. This resulted in 8-10-fold overexpression of the respective subunit compared with wild-type levels (Fig. 2B) . Furthermore, we verified that tagging and overexpression of these subunits had no effect on protein functionality using a CPY sorting assay (not shown).
Under overexpression conditions, Vps41-FRB-GFP was initially found in the cytosol and on the vacuolar rim, but rapidly translocated to the plasma membrane within 5 min, leading to a significant loss of the vacuolar signal Figure 2 by fluorescence microscopy in the indicated strains. To resolve their dynamic relocalization over time, 100 nM rapamycin was added to the cells. (C-H) Vps41 and Vps39 differ in their Ypt7-interaction on vacuoles as revealed by the split-YFP approach. Ypt7 was tagged with the c-terminal half of Venus (Vc) in all strains, whereas Vps39 and Vps41 were tagged N-terminally (C, E) or c-terminally (D, F) with the VN part. 34 For colocalization analysis, the cells expressing Vc-Ypt7 and VN-Vps39 were additionally modified by tagging Vps41 with mcherry (G) or transformed with a ceN plasmid expressing dsReD-Ypt7 under the control of a PHO5 promoter (H). all cells were observed by fluorescence microscopy. scale bar, 5 µM. (Fig. 2C) . Despite this almost complete relocalization, the vacuoles showed only a mild fragmentation during this period (Fig. 2C, bottom) . To exclude that we would only observe newly synthesized Vps41 in our assay, we added cyclohexamide together with rapamycin to inhibit protein synthesis. However, we observed the similar signal distribution for Vps41 (Fig. 2D) . Our data thus indicate that a large portion of Vps41 can be relocalized to the plasma membrane without affecting vacuole morphology.
We then turned to the other Ypt7-specific HOPS subunit Vps39. This protein was initially present on vacuoles with almost no cytosolic background (Fig. 2E) . Upon rapamycin addition, Vps39 also accumulated at the plasma membrane after 5 min, though unlike Vps41, we still observed a strong vacuolar signal at this time (Fig. 2C vs. E). At later time points, we noticed that a fraction of Vps39 strongly accumulated in patches at the plasma membrane, which coincided with vacuoles (Fig. 2E) . When the shared HOPS and CORVET subunit Vps11, tagged with mCherry, was followed in the same strain, it was also present at the plasma membrane, indicating that the Vps39-positive structures also correspond to HOPS (Fig. 2F) . These data show that most FRB-tagged Vps39 can be mobilized to the plasma membrane, of which some fraction remains tightly associated with the vacuole surface. We noticed that Vps41 is about 1.5 times more abundant then Vps39 when overexpressed (Fig. 2B) , though consider it unlikely that this explains the different behavior of the two proteins.
The two Ypt7-interacting HOPS subunits differ in their vacuole affinity
As both Vps41 and Vps39 interact with Ypt7, we asked if their intracellular mobility would behave more similar in the absence of Ypt7. To improve the resolution of the translocation events, we lowered the rapamycin concentration 100-fold and extended the time-course of our observation. In wild-type cells, Vps41 and Vps39 now required more than 90 min to accumulate at the plasma membrane, and efficient accumulation was only seen at 180 min ( Fig. 3A and B) . For Vps39, the same patch-like apposition of the vacuole was observed as before. In contrast, in the absence of Ypt7, both Vps39 and Vps41 moved rapidly from their cytosolic distribution to the plasma membrane ( Fig. 3A and  B) . In addition, Vps39 did no longer localize in patches, pointing to an organizational cross-talk between the HOPS subunit and Ypt7. A similar rapid translocation was observed for Vps41, when the HOPS complex integrity was lost in vps11Δ cells (Fig. 3A) . 33 Our data indicate that Ypt7 restricts the intracellular mobility of Vps41 and Vps39 and sequesters Vps39 more tightly to the vacuole surface.
We then asked if we could find further support for the distinct interaction of Vps41 and Vps39 with Ypt7. We therefore turned to the bimolecular fluorescence complementation analysis, where each putative interacting protein was tagged with the N-terminal (VN) or C-terminal (VC) half of the Venus-variant of GFP. 34 Only if interaction of the two proteins is observed, a signal in the YFP channel is observed. Due to the tagging cassette, the detected proteins were also overproduced. We considered this an advantage as we could then distinguish the behavior of both subunits relative to each other.
We indeed detected a strong signal for VC-Ypt7 and VN-Vps39 (Fig. 3C) or VN-Vps41 (Fig. 3E) . C-terminal tagging of either protein did not result in any specific signal (Fig. 3D and F) , suggesting that the Ypt7-binding site is more proximal to the N-terminal segment of the Rab-specific subunits. Even though both signals were detected on the vacuole, the Ypt7-Vps39 signal was strongly enriched in patches, whereas the Ypt7-Vps41 signal was more uniformly distributed along the vacuolar surface. To analyze the distribution of Vps39 in this context in more detail, we also tagged Vps41 (Fig. 3G) and Ypt7 (Fig. 3H) in the same strain with mCherry. Whereas Ypt7 completely colocalized with the YFP signal (Fig. 3H) , some Ypt7-Vps39 signal was also observed in separate patches from Vps41. In combination, these data provide further support that Vps39 and Vps41 behave different from each other also along the vacuolar surface and that a pool of Ypt7-Vps39 exists independently of Vps41.
CORVET Vps8 interacts strongly with its target membrane
We next wondered if this apparent polarity within HOPS could be extended to CORVET. As endosomes are rather small, such a comparison did not seem feasible. In addition, Vps3 accumulated strongly in the cytosol upon overproduction, 35 thus leaving us with Vps8 to monitor at least the mobility of CORVET. We tagged Vps8 as before and followed its dot-like localization, which reflect clustered multivesicular bodies, a result of the Vps8 overexpression 35 (Fig. 4A) . When rapamycin was added in a low concentration, Vps8 dots disappeared at the expense of several puncta at the plasma membrane over the course of the experiment. Similar to our observations on HOPS, the redistribution of Vps8 was strongly enhanced in the absence of the interacting Rab GTPase Vps21 (Fig. 4A) . When we used a higher rapamycin concentration to relocalize Vps8 faster, we could follow Vps8 in the same cells over a period of 20 min (Fig. 4B) . When we traced single Vps8-positive dots at the plasma membrane over time, we noticed two different populations with gradual (Fig. 4B, i) or abrupt (Fig. 4B , ii) increase in brightness (arrows). As Vps8 strongly binds to endosomal membranes, we wondered if some of the Vps8-positive structures at the plasma membrane would correspond to endosomes rather than CORVET alone. We therefore tagged the ESCRT-subunit Vps23 or the Retromer-subunit Vps26 with mCherry ( Fig. 4C  and D) , and observed significant colocalization of endosomal structures at the plasma membrane (see merge pictures). This indicates that Vps8 relocalizes entire endosomes to the plasma membrane. The latter observation is consistent with individual endosome-endosome fusion or tethering events that are now monitored at the plasma membrane due to the firm association of endosomes and not the vacuole. These data confirm that endosomes tethered via FRB-tagged Vps8 are still functional and provides an opportunity to monitor endosomal biogenesis in a different context. From these findings, we conclude that Vps8 is also tightly associated with endosomal membranes via Vps21, in agreement with previous observations. 
Endogenous HOPS and CORVET are less mobile than individual subunits
We showed before that HOPS subunits like Vps11 and Vps39 were found in the same dot-like structures at the plasma membrane after induced relocalization (Fig. 2F) . Due to our experimental setup, which included overexpression of the monitored subunits, we were uncertain if the observed mobility would always reflect the behavior of the entire HOPS or CORVET complex or just single subunits, which nevertheless bind their Rab. We thus tagged the endogenous Vps41 and Vps39 (Fig. 5A  and B) . Both subunits clearly marked the vacuolar membrane as previously shown. 3 We then addressed their mobility. Addition of 10 µM rapamycin resulted in some Vps41 and Vps39 positive dots at the plasma membrane (Fig. 5, white arrows) . However, in contrast to our previous observations, where both subunits were relocalized efficiently after 10 min (Fig. 2 and 3) , we still observed clear vacuolar staining even after 50 min, indicating that the entire HOPS complex is far less mobile than the individual subunits. Similar results were obtained for Vps11, which is found in CORVET and HOPS, 14 and also for Vps8 ( Fig. 5C and  D) . However, as for the HOPS subunits, a portion of Vps8 (and Vps11) did not become available and remained in endosomal dots throughout the cytoplasm. We thus conclude that both HOPS and CORVET bind preferentially to their target membrane and are far less mobile than previously anticipated.
Discussion
The dynamics of the vacuolar fusion machinery has been monitored with isolated vacuoles in vitro (e.g., [36] [37] [38] [39] [40] , though the analysis of dynamics in vivo is by far more challenging. Here, we used ligand-induced relocalization to the plasma membrane to monitor the HOPS complex in comparison to the CORVET and Mon1-Ccz1 complexes. Our data reveal that single subunits of both HOPS and CORVET relocalize efficiently to the plasma membrane. For HOPS subunits, this process is enhanced strongly if their respective Rab is lacking or the complex assembly is blocked as in the vps11Δ mutant (Fig. 3) . Among the HOPS subunits, Vps39 seems to be more firmly attached to membranes than Vps41 since Vps39-FRB, but not Vps41-FRB is able to place the vacuole in contact with the plasma membrane and forms patches (Fig. 2) . This distinct behavior of Vps39 was also confirmed, when we compared the localization of Ypt7-interacting Vps39 and Vps41 on the vacuole, where we detected Vps39 enriched in distinct spots (Fig. 3) . This points to a minimal module for membrane organization at the vacuole, which can be negative for Vps41. The distinct and obviously induced organization patterns of Vps39 and Vps41 may result from dynamic processes of the HOPS and might reflect independent functions of the two proteins apart from their role within the hexameric complex.
Similar to HOPS Vps39, the CORVET subunit Vps8 is tightly associated with endosomes and also triggers the relocalization of the entire organelle to the plasma membrane (Fig. 4) . As overexpressed Vps8 strongly clusters endosomes, 35 the kinetics of relocalization might be slowed down. We also tried to follow Vps3 as the other Rab-specific subunit of CORVET. However, whereas endogenous Vps3 colocalizes completely with Vps8, 32 additional copies accumulated in the cytosol (not shown). We thus did not follow up on the protein's dynamics here.
Interestingly, we observed less dynamics of HOPS and CORVET if we monitored the endogenous subunits. Even though we observed some plasma membrane staining, a large portion of the tethering subunits remained at their target membrane. We consider it unlikely that this is due to the shielding of the respective binding site of the FRB as we observed the same mobility when we swapped the GFP and FRB tag in the tagged protein (not shown). We also noticed that the Mon1-Czz1 complex, which we used as our initial endosomal probe, was more mobile than HOPS. Relocalization of the complex resulted in a partial shift of Ypt7 from vacuoles to the nuclear ER, indicating that Ypt7 is not activated efficiently. In addition, Mon1-Ccz1 seems to require the endosomal environment or additional interaction partners on endosomes for optimal activity as we did not observe Ypt7 on the plasma membrane after relocalization. This interpretation agrees with the preferential binding of Mon1-Ccz1 to phosphatidyl-inositol-3-phosphate (PI-3-P) and the stimulated GEF activity on membranes carrying PI-3-P and phosphatidylserine. 41, 42 In the previous studies with mitochondrially localized GEFs, the strong activity of the GEF and their overexpression might have favored the efficient Rab recruitment. 11, 28 Our data are consistent with the scenario, in which both HOPS and CORVET mainly exist as a hexameric complex that is bound to vacuoles and endosomes. They are also in agreement with our model ( Fig. 2A) , in which Vps39 is found proximal to the vacuole membrane, whereas Vps41 is available to bind incoming membranes. Indeed, Vps41 contains a membrane-binding amphipathic lipid packaging sensor (ALPS) motif, which likely supports its interaction with endosomes. 23, 43 In addition, Vps41 harbors a conserved interaction site for the AP-3 coat and may bind to incoming AP-3 vesicles. 23, 24 HOPS likely uses the available Ypt7-pool to efficiently bind to the vacuole. We showed before that HOPS mobility is increased by phosphorylation via the vacuole-resident Yck3 kinase. In the absence of Yck3, the HOPS subunit Vps41 accumulates at endosome-vacuole contact sites. 39, 43 Moreover, without Yck3 or ATP vacuole fusion is highly resistant to Ypt7-inhibitors, 39, 43, 44 which could be recapitulated partially with proteoliposomes. 18 As a significant pool of endogenous HOPS and overexpressed Vps39 remain on the vacuole surface, we consider it likely that HOPS uses the available Ypt7-GTP pool to remain vacuole-bound during and after fusion. Future studies need to dissect the precise function of the Rab-specific subunits within HOPS (and CORVET) during Rab binding on membranes, tethering and membrane fusion.
Methods

Yeast strains and plasmids
Saccharomyces cerevisiae strains used in this study are listed in Table 1 . All strains were generated using homologs recombination of PCR amplified cassettes 25, 45, 46 StuI linearized plasmid pRS402 was integrated into the genome of yeast strain HHY110 25 to introduce the ADE2 gene and thus strongly reduce autofluorescence of the vacuole. Split-YFP tags were genomically introduced at the N-terminus of Ypt7, Vps41 and Vps39, or C-terminally added as described.
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Yeast growth and induction of relocalization to the plasma membrane Yeast strains were grown in YPD over night at 22 °C to early logarithmic phase. The cells were then either spotted directly onto coverslips covered with 0.05% agarose containing YNB medium supplemented with amino acids and indicated rapamycin concentrations, or were resuspended in 0.5 ml YNB (yeast nitrogen base) medium with amino acids and indicated rapamycin concentrations. Staining of yeast vacuoles was performed by addition of 22 µM FM4-64 for 30 min at 22 °C or 0.2 mM CMAC (7-amino-4-Chloromethylcoumarin) for 10 min.
Microscopy Cells were imaged on a Leica DM5500 microscope equipped with a 100x objective NA = 1.47, a SPOT Pursuit-XS camera and filters for GFP, YFP, FM4-64 and mCherry. For acquisition of z-stacks cells were imaged on a DeltaVision Elite microscope equipped with a 60x objective NA = 1.4, a 100x objective NA = 1.49, a sCMOS camera and filters for DAPI, FITC and mCherry. Images were deconvolved using softWoRx software v5.9. From deconvolved z-stacks only one image plain is shown in the figures. Further image processing was performed in ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).
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